A number of experiments were conducted to compare the ability of observers to extract unidirectional and bidirectional (transparent) global-motion signals. In the unidirectional condition, the noise signal consisted of purely randomly-moving dots while in the bidirectional condition, a number of the randomly moving dots were replaced by the same number of dots moving in a specific (secondary-signal) direction. The threshold measure was the minimum number of signal dots required to determine the global-motion direction. For the bidirectional condition, parameters varied were the angular separation between the global-motion and secondary-signal directions and the strength of the secondary signal. Thresholds for unidirectional and bidirectional conditions were the same when the angular difference between global-motion and secondary-signal directions were 90°or greater, i.e. the ability of observers to extract a transparent signal was the same as their ability to extract a unidirectional one. Similarly, with motion-in-depth signals, thresholds for extracting a centripetal signal were not elevated by replacing a number of the randomly-moving noise dots with the same number centrifugally-moving dots. The results are interpreted as indicating that motion signals moving between 90 and 180°to the global-motion direction provide uniform masking of the global-motion signal. For angular separations less than 90°, a suprathreshold secondary signal resulted in threshold elevation. This result could be due, to stronger inhibition from motion units tuned to similar ( B90°) directions. broad directional-tuning of the underlying motion units (changing the task from signal detection to a signal discrimination) or a combination of the two.
Introduction
The visual system is often confronted with scenes that contain many objects moving in various directions. These different objects can either be at different locations or they can occupy the same, or overlapping, regions of space. The former situation can result in object segmentation while the latter can result in the percept of transparent motion. The general topic of interest in the present paper is how transparent motion signals are processed by the visual system. In considering this issue, it is important to bear in mind the apparent multistage nature of visual-motion processing.
The primate visual system appears to process motion information in a number of distinct stages (Adelson & Movshon, 1982; Welch, 1989) . A multistage motion system is required due to the processing limitations of the motion-sensitive cells in area V1: which are the first cells to show selectivity for direction of motion (Hubel & Wiesel, 1968) . One such processing limitation is caused by these motion-selective cells having spatiallylocalised and oriented receptive-fields. This limitation, known as the aperture problem (Adelson & Movshon, 1982) results in these cells only being able to encode the velocity component of a stimulus that is orthogonal to the cell's preferred orientation. These cells can thus be considered as extracting local motion. To overcome the aperture problem it is necessary to pool the output of local-motion units tuned to different directions of motion. Such a process appears to occur in cortical area V5 2 (Zeki, 1974) where it appears that the output of local-motion units tuned to different directions of motion are integrated across space to extract the 'globalmotion' of the stimulus (see Movshon, 1990 for a review).
Previous research on transparent-motion processing can be considered in terms of this local-motion globalmotion distinction. These studies have consisted of both psychophysical (Mather & Moulden, 1983; Stromeyer, Kronauer, Madsen & Klein, 1984; Snowden, 1989; Qian, Anderson & Adelson, 1994) and electrophysiological studies (Snowden, Treue, Erickson & Anderson, 1991; . Additionally, the manner in which a number of motion models have been formulated would affect their ability to process transparent motion (Van Santen & Sperling, 1985; Wilson, Ferrera & Yo, 1991; Wilson & Kim, 1994; Simoncelli & Heeger, 1998) . At the local-motion level, many of the proposed models include inhibitory connections between specific directions of motion. Such connections would limit the ability of a system employing such a model to perceive motion transparency in those directions. The model proposed by Van Santen and Sperling (1985) takes the difference in the output of units tuned to opposite directions of motion and the Adelson and Bergen (1985) model can also be formulated so that it incorporates an opponency stage.
Support for the concept of opponency at the local-motion level comes from the psychophysical study of . Their stimulus consisted of a random-dot field undergoing bidirectional-opponent motion. They found that observers could not perceive transparent motion when the motion vectors were locally paired: that is within all local-regions, motion in one direction was balanced by motion in the opposite direction. When the motion vectors were not locally balanced, transparent motion could be perceived. Further support for the notion of motion opponency comes from the percept that occurs when counter-phasing sinewave gratings are viewed. When two drifting sinewave gratings, having the same spatio-temporal frequency but moving in opposite directions, are superimposed, a flickering stationary pattern is typically perceived rather than transparent motion. However, since sinewave gratings are spatially continuous stimuli, this observation could indicate the existence of motion opponency at either the local-or global-motion level.
The electrophysiological study by also supports the notion of motion opponency between local-motion signals. This study was an extension of their psychophysical study and involved recording the response of V1 and V5 cells to both unidirectional and bidirectional (opponent) moving dot-fields. They found that V1 and V5 cells gave strong responses to unidirectional motion and that the response of V1 cells to bidirectional motion was in essence the same as their response to unidirectional motion. The response of V5 cells to the bidirectional stimulus, however, was greatly reduced in comparison to their unidirectional response, especially when the motion vectors in the bidirectional stimulus were locally paired. They propose that the outputs of local-motion V1 cells are opponently paired prior to their pooling at the globalmotion level (V5).
The above studies appear to provide strong evidence for inhibitory links between local-motion units tuned to different (at least opposite) directions of motion 3 . A number of studies also appear to support the concept of inhibitory links at the global-motion level. In the electrophysiological study of , reduction in the output of V5 cells for the bidirectional condition was found even when the local-motion vectors were not locally paired. Such a finding is also supported by the similar study of Snowden et al. (1991) . In a psychophysical study, Mather and Moulden (1983) found that the luminance contrast required to detect a random dot-field was lower when the dots underwent unidirectional motion rather than when they underwent bidirectional (opponent) motion. Similarly, Snowden (1989) found that the ability of observers to detect the motion of a random-dot pattern was impaired when it was presented together with another dot field, moving at right angles to the signal dots. The performance measure used was D max -the largest step size for which motion could still be perceived.
While the above studies provide strong evidence for the existence of some form of inhibitory interaction between various motion signals at the global-motion level, the exact nature of these interactions is not known. Specifically, the strength and directional range of these inhibitory interactions, which will determine the ability of observers to extract transparent motion signals, still needs to be determined. For example, in the two most comprehensive models of motion processing, the proposed directional range, and relative strengths of these inhibitory links differ. Wilson and Kim (1994) propose that these inhibitory interactions occur only over the range of945 to 120°to the global-motion direction, and implement a winner-take-all solution. Simoncelli and Heeger (1998) , on the other hand, propose that inhibitory interactions occur over the entire 360°range to implement a directionally uniform divisive inhibition. That is, the final activity of a global-motion unit is obtained by dividing its current activity level by the sum of the current activity level of all the spatially neighbouring global-motion units.
The basic aim of this paper was to determine how, at the global-motion level, the relative strengths of inhibitory links between the various directions of motion are weighted as a function of direction. The stimuli to be used in these studies will be variations of the standard global-motion stimulus (Williams & Sekuler, 1984) . This stimulus consists of a random-dot kinematogram in which a subset of the dots (signal dots) are constrained to move in the same direction and speed for one frame transition while the remaining dots in the stimulus (noise dots) move in random directions which cover the entire 360°range, excluding the globalmotion direction.
Using this stimulus we will determine the directional range over which inhibitory inputs are pooled and, within this range, the relative inhibitory weighting given to the various directions. With regard to the latter point, the two possibilities that will be compared are directionally-uniform inhibition between the various directions (e.g. Simoncelli & Heeger, 1998) and stronger inhibitory links between specific directions of motion (e.g. Wilson & Kim, 1994) . Directionally uniform inhibitory links could be used by the visual system to determine the signal motion strength in relation to the strength of motion noise, i.e. to calculate the signal-tonoise ration in the stimulus. This notion of a signal-tonoise processing at the global-motion level is supported by the electrophysiological finding that the response of most V5 cells varies in a substantially linear manner with global-motion signal-strength (Britten, Shadlen, Newsome & Movshon, 1993) . Stronger inhibitory links between specific directions of motion could be used to permit only the activity of the most active global-motion unit, and its neighbours to survive i.e. to implement a winner-take-all solution (Wilson & Kim, 1994) .
We used the fact that the existence of such direction specific links would impair the ability of observers to perceive transparent motion in those directions in order to test for their presence. Specifically, we ran several conditions in which we replaced a number of randomlymoving noise dots with the same number of dots moving in a specific secondary-signal direction. Elevated global-motion thresholds for any of these secondarysignal conditions, in comparison to the standard condition, will be taken as evidence of the existence of direction-specific inhibitory links between those directions. That is, inhibitory links between those directions that are greater than inhibitory links between all of the other directions. The same thresholds for any of the secondary-signal conditions will be taken as evidence that the masking produced by dots moving in that is the same as that produced by dots moving in all of the other directions, i.e. directionally uniform masking. Lower thresholds will be taken as evidence that dots moving in those directions do not contribute any inhibitory input to the global-motion direction i.e. the range of inhibitory pooling does not extend to that particular direction. For example, the model of Wilson and Kim (1994) would predict that motion signals moving within 120-240°of the global-motion would not mask the detection of the global-motion signal.
Experiment 1 investigates the interaction between different directions of motion at threshold signal levels and Experiment 2 investigates the effect at suprathreshold signal levels. Both threshold and suprathreshold signals were used since the interactions between different directions of motion may differ for the two conditions. For example, active inhibitory links between global-motion units may only become apparent at suprathreshold levels, while threshold performance may reflect the pattern of interaction within a directionally tuned global-motion unit. Moreover differences in the interaction between oppositely-tuned motion units at threshold and suprathreshold levels have been previously found when the signal measure was luminance contrast (Levinson & Sekuler, 1975; Stromeyer et al., 1984) . Experiment 3 investigates the interaction of oppositely moving motion-in-depth signals.
Experiment 1

Threshold interaction
This experiment investigated the interaction between different global-motion signals at threshold-signal intensity.
Method
Obser6ers
Five observers were used. The two authors plus three observers who were naive with respect to the aims of the study. They all had normal or corrected to normal acuity, with no history of visual disorders.
Stimuli
The stimuli consisted of an eight frame global-motion stimulus. We used the version of the global-motion stimulus in which the signal dots were constrained to move in the same direction and speed for one frame transition while the noise dots moved at the same speed but in random directions, covering the entire 360°r ange-excluding the global-motion direction. The motion vector assigned to each dot was randomly assigned at each frame transition. The duration of each frame was 50 ms and no inter-frame interval was used, giving a total stimulus duration of 400 ms. The spatial-step size was 0.3°, resulting in a stimulus speed of 6 deg s
This speed is in the optimum reported speed range of V5 cells (Maunsell & Van Essen, 1983; Lagae, Raiguel & Orban, 1993) . The dots were circular, with a diameter of 0.2°, and were composed of 13 pixels. The viewing aperture, made of black cardboard, was a 16.8°d
iameter circle within which were presented 150 dots, resulting in a dot density of 0.68 dots deg − 2 . This combination of dot density and spatial step size resulted in a low probability of false-motion signals occurring (Williams & Sekuler, 1984) . Another advantage of using this number of dots is that increasing the total number of dots up to this point results in a corresponding increase in global-motion thresholds. That is, the masking effect of adding more noise dots does not saturate over this range (see Figure 4 and Edwards, Badcock & Smith, 1998) . The luminance of the background was 20 c deg
, and the luminance of the dots was 30 c deg
, which gave a Michelson contrast of 20%.
Three different stimulus conditions were used. One condition contained a unidirectional global-motion signal and the other two contained bidirectional globalmotion signals. In one of the bidirectional conditions, the opponent-bidirectional condition, the angular separation of the two signals was 180°, while in the other, the orthogonal condition, the separation was 90°. In all conditions, the total number of dots was kept at 150.
Apparatus
The stimuli were displayed on a Sony Trinitron GDM-20SE1 colour monitor, which was driven by the framestore section of a Cambridge Research Systems VSG 2/3 (providing 8 bit luminance resolution) in a host Pentium computer. Observer responses were recorded via a button box. The display had a refresh rate of 100 Hz. Luminance calibration was performed using an Optical photometer measuring full-screen luminances as a function of look-up-table value.
Procedure
A two-interval forced-choice procedure was used. One interval contained the global-motion signal while the other interval contained pure noise (i.e. 150 noise dots). An auditory tone signalled the beginning and end of each interval. Observers fixated on the centre of the viewing aperture and had to identify the signal interval. In the unidirectional and orthogonal conditions an auditory tone indicated the direction of the vertical signal; a single tone for upwards motion and a double tone for downwards motion. The use of the auditory tone allowed the observers to pay attention to the global-motion direction.
Global-motion signal strength was varied using a modified staircase procedure which converged on the 79% performance level. The signal intensity of both signals in the bidirectional conditions were linked. A total of eight reversals were collected, with the threshold being taken as the mean of the last six reversal points. The staircase started at a signal strength of 50 dots (i.e. 50 dots moving in the same direction in the unidirectional condition or 50 dots moving in each direction in the bidirectional conditions). The initial step in signal strength was eight dots, but this was decreased after each of the first three reversals so that the step size for the last six reversals was one dot. Each threshold reported represents the mean of ten staircases.
Results and discussion
The mean number of signal dots required to correctly identify the signal interval 79% of the time for the three conditions is plotted in Fig. 1 . Error bars indicate9 1 SEM. Thresholds for the bidirectional conditions indicate the number of signal dots that moved in each signal direction. The pattern of results is the same for four of the observers (all except TT) with the thresholds for all conditions, unidirectional (Uni), opponent-bidirectional (Bi-Opp) and orthogonal-bidirectional (BiOrth) motion being the same. For observer TT, his threshold for the bidirectional-opponent condition was actually lower than the other two conditions. While this finding suggests that he may be, at least in part, able to ignore dots moving in the opposite direction to the global-motion direction when extracting the motion signal, the results of Experiment 2 indicate that this is not the case.
The present results indicate that observers could extract bidirectional-transparent motion (with either 90 or 180°separation between the two directions of motion) when both signals were at threshold levels, at least as effectively as they could a single motion signal. That is, the masking effect of an orthogonal or opponent secondary motion signal was the same as the identical number of randomly moving dots.
Experiment 2
Suprathreshold interaction
The results of Experiment 1 indicate that, at least at threshold signal levels, the inhibitory effect of motion signals moving at either 90 or 180°from the global-motion direction result in the same degree of masking as do the same number of randomly moving dots. This experiment examines whether this lack of direction-specific masking also holds when the masking signal is suprathreshold.
Method
Stimuli and procedure
The two stimulus conditions used in the present experiment are modifications of the bidirectional conditions used in Experiment 1. In both conditions the global-motion signal to which the observer had to respond was randomised to be either up or down. As in the previous study, a two interval procedure was used and the observer was cued as to the global-motion direction by an auditory tone prior to the presentation of the stimulus. The strength of the secondary globalmotion signal was fixed at 50 dots, appeared in both intervals and, depending upon the condition, moved in a direction that was either opposite or orthogonal ( 990) to the cued-signal direction.
Results and discussion
The results for the two present conditions are shown in Fig. 2 . For purposes of comparison, thresholds for the unidirectional condition from Experiment 1 are also shown. The pattern of results is the same for all observers. Thresholds for the two suprathreshold -bidirectional conditions are the same as those for the unidirectional condition.
While these results would seem to indicate that an opponent secondary signal has the same masking effect on global-motion extract as the same number of randomly-moving dots, it could also be argued that, in the opponent-bidirectional condition, the dots moving in opposite directions canceled each other out, in terms of their effect upon global-motion perception. If such a situation occurred, then the observers may have been able to differentiate the two intervals when the staircased global-motion strength was high enough to make the reduction in the fixed-signal strength in the signal interval detectable: as compared to the unaffected fixed signal in the noise interval. To test for this possibility Fig. 1 . Global-motion thresholds (number of signal dots) for the three conditions used in Experiment 1; a unidirectional (Uni) and two bidirectional conditions. In the bidirectional conditions a secondary signal was added to the stimulus. This secondary signal moved in either the opposite (Bi-Opp) or orthogonal (Bi-Orth) direction relative to the global-motion direction and its signal intensity (in terms of number of signal dots) was kept at the current threshold level. Thresholds for the unidirectional condition are the same as the two bidirectional conditions for all observers except TT who has lower thresholds for the Bi-Opp condition. The Error bars represent 9 1 SEM. Fig. 2 . Global-motion thresholds for the three conditions used in Experiment 2; a unidirectional signal (Uni) and two bidirectional conditions. In the bidirectional conditions a fixed-strength signal (50 dots) was added to the stimulus. This secondary signal moved in either the opposite (Fix-Opp) or orthogonal (Fix-Orth) direction relative to the global-motion direction. Thresholds for the unidirectional condition (Uni) are the same as the two bidirectional conditions.
all three conditions are the same. This finding rules out the possibility that the results obtained in Experiment 2 for the opponent-bidirectional condition were due to the global-motion-signal dots reducing the perceived strength of the fixed signal dots.
Angles less then 90°T
he results from the present experiments are interpreted as indicating that uniform inhibitory input is provided by motion signals that are between9 90 and 180°from a given direction. But what about motion signals that are less than 90°from the global-motion direction? To investigate this issue, SN was tested for angular separations of 0, 22, 45 and 68°for both the threshold and fixed-signal conditions. Moreover, to further ensure that angles between 90 and 180°provide uniform inhibitory input, an angular separation of 135°w as tested and the angles of 90 and 180°were retested. The results are shown in Fig. 4 . Thresholds for the unidirectional condition with 150 dots presentUni(150)-were retested and this condition was also Fig. 3 . Control experiment for the bidirectional opponent condition used in Experiment 2. In this condition (Fix-Opp), the signal intensity of the fixed-signal in the noise interval was reduced by the current global-motion signal strength. For purposes of comparison thresholds for the unidirectional condition (Uni) are also included. Thresholds for the two conditions are the same.
we ran a control condition in which we reduced the fixed-signal strength in the noise interval by an amount that was equal to the current global-motion signal strength. The results for this experiment are shown in Fig. 3 . For purposes of comparison, the results for the opponent-bidirectional condition from Experiment 2 and the unidirectional condition from Experiment 1 are also presented. For both observers, the thresholds for Note that in collecting the data, both positive and negative angles were randomly mixed in the each staircase so the graph is symmetrical about 0°. Thresholds for two unidirectional conditions are also shown. In one, the total number of dots presented was the standard 150-Uni(150) -and in the second condition, 100 dots were presentedUni(100). The lower threshold for the Uni(100) condition indicates that the inhibitory effect of adding additional noise dots had not yet saturated. The results for one other observer (ME) for the fixed-signal condition at a angular separation of 45°and the unidirectional condition are also shown. For SN, thresholds for the fixed-signal condition are elevated above the Uni(150) condition for angular separations less then 90°while thresholds for the subthreshold condition at these angles are lowered, relative to the Uni(150) condition. That is, subthreshold summation of the two signals is occurring at these angles. For all other angles the thresholds for the three conditions are the same.
threshold for the 135°separation condition is the same as the 90 and 180°(and hence, the same as the unidirectional, 150 dots, condition) thus further supporting the notion of uniform inhibitory input from motion signals between 90 and 180°from the signal direction. For angular separations of less than 90°thresholds were different. When compared with the unidirectional condition, thresholds for the fixed-signal condition were elevated and those for the threshold condition were lowered (note, with respect to the latter result, that a similar finding has been reported by Downing, Reifsnider, Port & Movshon, 1990 ). As will be discussed in Section 5, it is not possible to draw any definite conclusions regarding the strength of inhibitory connections between global-motion units tuned to similar (B90°d ifference) directions of motion from these results. The results of the first two experiments indicate that the ability of observers to detect transparent motion is the same as their ability to detect unidirectional motion. That is, the masking effective of a sub-or suprathreshold transparent motion signal, moving at an angle of 90°or greater to the signal directions, is the same as that produced by the identical number of randomly moving dots. While this situation exists for the extraction of frontoparallel-motion signals, the next experiment investigates whether this is also true for the motion-in-depth processing.
Experiment 3
Transparency in motion-in-depth
A number of authors have proposed and presented evidence which supports the concept that motion within the frontoparallel plane is processed by a different system to that which extracts motion-in-depth (Regan & Beverley, 1978; Regan, 1986; Freeman & Harris, 1992) . While oppositely moving motion signals in the frontoparallel plane are reasonably common, the same does not hold for motion-in-depth. Thus, there is the possibility that units tuned to opposite directions of motion-in-depth may have selective inhibitory links between them. The present experiment investigates this possibility.
Method
Stimuli and procedure
The global-motion stimulus can be modified to simulate motion-in-depth by moving the signal dots in a radial direction (Edwards & Badcock, 1993) . Radial motion towards the point of fixation, centripetal motion, simulates backward motion, and radial motion away from the point of fixation, centrifugal motion, simulates forward motion. A linear speed-gradient was tested with 100 dots present -Uni(100). The results for one other observer (ME) for the fixed-signal condition at a angular separation of 45°is also shown. The applied to the signal dots. Signal speeds ranged between 0 deg s − 1 at the centre of the aperture and 6 deg s − 1 at the aperture edge. The speed of the noise dots was kept constant at 6 deg s − 1
. Three conditions were tested. One contained the control unidirectional signal (centrifugal motion) and the other two contained bi-directional signals (centripetal and centrifugal motion); a threshold condition in which the two signal levels were matched, and a suprathreshold condition in which the centrifugal signal level was kept fixed at 50 dots. All other details of the stimuli are the same as for the previous experiments.
Results and discussion
The results for the present conditions are shown in Fig. 5 . For both observers, thresholds for the three conditions, centripetal signal in isolation (Uni) and a centripetal signal with a threshold (Bi-Thres) or a suprathreshold (Bi-Fixed) centrifugal signal, were the same. These results indicate that centrifugal motion-indepth signals, either at threshold or suprathreshold signal levels, result in the same degree of impairment in the ability of observers to extract centripetal motion-indepth signals as that produced by the same number of randomly-moving dots. Thus the results suggest that if a separate motion-in-depth system does exist (Regan & Beverley, 1978; Regan, 1986; Freeman & Harris, 1992) then, like the frontoparallel system, inhibitory links do not exclusively exist between cells tuned to opposite directions of motion.
General discussion
The results of the present study show that the masking effect upon global-motion extraction of either a threshold (Experiment 1) or suprathreshold (Experiment 2) secondary signal moving at an angle between 90 and 180°to the primary-signal direction is equivalent to the same number of randomly moving dots. Similarly, with motion-in-depth signals, the masking effect of an oppositely moving signal is equivalent to the same number of randomly moving dots (Experiment 3). In other words, the ability of observers to extract transparent motion is the same as their ability to extract unidirectional motion. This is not the case if the secondary motion-signal moves at an angle that is less than 90°to the primary motion signal. A suprathreshold secondary motion-signal results in elevated thresholds while threshold-strength secondarysignals leads to subthreshold summation.
Detailed re6iew of pre6ious studies
Our finding that there are no strong, direction-specific inhibitory links between global-motion units tuned to directions that differ by 180 or 90°is in conflict with the interpretation Snowden (1989) placed upon the results of his study: that a specific inhibitory link exists between (global-motion) units tuned to directions that differ by 90°. However, there are a number of aspects of that study which draws into question this interpretation of his results. Firstly, the threshold measure used was D max -that is, the largest step size for which motion could still perceived with the random-dot stimuli. It is not entirely clear what a decreasing D max value tells us about inhibitory links between motion directions. The second aspect concerns the actual pattern of results obtained. Snowden found that D max thresholds decreased when an orthogonal signal was introduced to the stimulus. When the spatial-step size of this orthogonal signal was the same as that of the signal dots (that is equal to the D max value) the decrease in the D max value was equivalent to that produced by the same number of static dots. Thus, it is not entirely clear that the effect of the orthogonally-moving dots was directionally specific. The decrease in D max values may have just been due to the presence of a greater number of dots resulting in a greater likelihood of false-motion signals. Snowden also found that when the orthogonal signal dots moved with a spatial-step size that was thought to strongly drive the motion system (10 arc min), D max values where more significantly impaired. However, this finding just shows that the degree of masking produced by 'noise dots' depends upon the strength of the motion signals associated with those dots. Such a finding is not surprising and has been demonstrated elsewhere (e.g. van de Grind, Koenderink, & van Doorn, 1987; Edwards, Badcock & Nishida, 1996) . To argue that the masking was directionally specific, it would be necessary to show that the same effect on D max thresholds was not obtained when the noise dots moved in random directions with the same (optimal) step size. However this experiment was not conducted. Thus while our present findings and conclusions are inconsistent with the interpretation that Snowden placed upon the results of his study, they are not necessarily inconsistent with his actual findingsthough the higher-dot density used by Snowden allowed the effects of local-motion interactions to manifest themselves is also a possibility.
The results of the electrophysiological studies by Snowden et al. (1991) and can be interpreted in a similar light: as indeed Snowden et al. (1991) do. Namely, that the reduction in the firing rate of V5 cells to transparent, as compared to unidirectional motion, does not reflect strong direction-specific inhibitory links but rather the effect of directionallyuniform inhibition: at least over the range of 90 to 180°. An extension of this explanation can account for the results of the study by Mather and Moulden (1983) . They found that contrast-detection thresholds were lower for a unidirectional dot stimulus than they were for a bidirectional (opponent) dot stimulus. Note that in their unidirectional dot-stimulus, all of the dots moved in one direction (i.e. there were no noise dots) which is different to our unidirectional global-motion stimulus. The electrophysiological study by Sclar, Maunsell and Lennie (1990) indicated that the contrastresponse of V5 cells is typically much greater than that found in cells in lower cortical areas. They propose that this greater sensitivity of V5 cells is due to the summation of the output of the local-motion cells that occurs in V5. Consequently, psychophysically determined contrast sensitivity should be greater for a stimulus that strongly drives V5 cells as compared to one that doesn't. Hence, given that the introduction of dots moving in the opposite direction to the V5 cell's preferred direction decreases the global-motion signal strength associated with that stimulus, from 100% signal intensity to 50%, and correspondingly reduces the firing rate of the cell (Britten et al., 1993) , the results of the Mather and Moulden study can be accounted for without the need to evoke selective inhibitory connections between cells tuned to opposite directions of motion.
Thus we argue that all of these results are consistent with the notion of the existence of a form of directionally-uniform inhibition (at least over the range of 90 to 180°). Such directionally-uniform inhibitory links could be used by the visual system to determine the signal motion strength in relation to the strength of motion noise, i.e. to calculate the signal-to-noise ratio within the stimulus. In establishing this signal-to-noise ratio, all non-signal directions (at least those equal to or greater than 90°in the signal direction) are treated equally as noise. That is, all motion signals that do not move in, or within 90°of the cell's preferred direction of motion provide the same degree of relatively-weak inhibitory input. In this sense there is nothing unique about noise signals moving in orthogonal or opposite directions of motion. This holds true if the noise dots uniformly cover the full 360°or if a significant number of them move in the opposite or an orthogonal direction relative to the signal direction. Thus the present results and conclusions are not in conflict with the earlier studies that have found evidence of masking by signals moving in opposite or orthogonal directions of motion, it is just that there is nothing special about those directions of motion. The present findings are inconsistent only with the notion of strong selective inhibitory links between specific motion units.
Implications for motion models
The present results are incompatible with the model proposed by Wilson and Kim (1994) on two counts. In their model, local-motion pooling occurs over the range of9120°to the global-motion unit's preferred direction of motion. Signals are weighted according to a sinewave function. Strong, winner-take-all inhibition between global-motion units occurs over the range of945 to 120°. This pattern of inhibitory links leads to two predictions: one, that a suprathreshold signal moving at 90°to the primary signal direction should strongly mask the detection of the primary signal, and two, that a suprathreshold signal moving at 180°to the signal direction should not mask its detection. Both of these predictions are in conflict with the present results. Suprathreshold secondary signals moving in either direction resulted in the same degree of masking as that produced by the same number of randomly-moving dots. The present results are, however, compatible with the directionally-uniform divisive inhibition employed in the model by Simoncelli and Heeger (1998) . However, our results would appear to require a substantially linear relationship between the firing rate of the globalmotion units and global-motion signal intensity prior to divisive inhibition, as opposed to the response-squaring stage employed by Simoncelli and Heeger. 5.3. Angles less than 90°T he present finding of elevated thresholds when the secondary motion signal was within 90°of the primary signal (see Fig. 4 ) could indicate the presence of strong direction-specific inhibitory links for angular separations less than 90°. However, it is also possible that the elevation in thresholds was due to a change in the nature of the task at these smaller angular separations. It is possible that the secondary-signal dots may have stimulated the global-motion unit/s tuned to the primary signal direction. The observer's task would then have been to detect the increase in signal strength due to the addition of the primary signal, as opposed to performing a threshold detection task. Based upon previous research we know that thresholds for such a signal-increment detection task are greater than those for a signal-detection (from noise) task. Support for this explanation of the results comes from the finding that we get summation between subthreshold signals at these angles (see Fig. 4 and also Downing et al., 1990) . Further support for the signalincrement detection explanation comes from the findings of Raymond (1994) that the tuning bandwidth of global-motion cells are in the order of 9 40°and the findings of Snowden et al. (1991) that a minimal reduction in the firing rate of V5 cells was obtained when the secondary signal was less than 90°to the cell's preferred direction. However the presence of strong inhibitory links between similar directions of motion has been used to account for the finding of motion repulsion between transparent motion signals moving in similar directions (Marshak & Sekuler, 1979) . Thus whether the present finding of elevated thresholds for small angular separations was due to the presence of strong inhibitions between these directions or due to an overlap in the directional-tuning ranges of the underlying global-motion units, or indeed, a combination of the two, is still an open question.
